The ever increasing power density in modern semiconductor devices requires heat dissipation solution such as heat sink to remove heat away from the device. A compressive loading is usually applied to reduce the interfacial thermal resistance between package and heat sink. In this paper, both experimental approaches and numerical modeling were employed to study the effect of compressive loading on the interconnect reliability under thermal cycling conditions. A special loading fixture which simulated the heat sink was designed to apply compressive loading to the package. The JEDEC standard thermal cycle tests were performed and the resistance of daisy chained circuits was in situ measured. The time to crack initiation and time to permanent failure were identified separately based on in situ resistance measurement results. Failure analysis has been performed to identify the failure modes of solder joint with and without the presence of compressive loading. A finite element based thermal-fatigue life prediction model for SAC305 solder joint under compressive loading was also developed to understand the thermal-fatigue crack behaviors of solder joint and successfully validated with the experimental results.
Introduction
Root causes of electronic package failure can be classified as drop impact [1] [2] [3] , vibration [4, 5] , thermal cycling [6] [7] [8] [9] , etc. As thermal loading appears to be the major cause of electronic component failures, the majority of research work focus on the failure mechanisms and fatigue life prediction models of solder interconnect under thermal loading. However, as the heat sink is widely used to dissipate the heat in the field-use conditions, the electronic package is often exposed to the thermal compression loads during its service life. The preload effect on the thermal-fatigue performance of solder joint becomes a critical reliability issue.
Solder collapse, which leads to electrical shorting by bridging to adjacent solder joints, and solder joint fatigue crack were identified as two failure modes for the preloaded solder joints under thermal cycling [10] . A higher compressive loading is desirable as it reduces the interfacial thermal resistance between package and heat sink and increases heat dissipation efficiency. However, more creep collapse and bridging of solder joints are expected to happen [11] . Chiu et al. characterized the responses of solder joints to compressive load and model the corresponding failure. The compressive creep behavior of Sn3.8Ag0.7Cu solder was investigated. A viscoplastic constitutive model developed from the creep characterization was then incorporated into finite element analysis (FEA) to predict solder joint creep collapse and bridging under heat sink compressive load. Zhang [12] performed modeling and testing a flip chip HITCE BGA package in a system setting with a heat sink on top of the HITCE package. According to the simulation results, increasing the heat sink load will create more damage in the solder bumps, however, lowers the damage of solder balls. Bhatti et al. [13] evaluated the reliability of solder joints in the presence of a preload. 3D nonlinear finite element analysis is performed to simulate the effect of compressive load in thermal cycling. Garner et al. [14] provided an understanding of the compressive load effect and new methods to characterize the limits of compressive loads for reliable operation throughout the life of the component.
So far the effect of compressive loading on the solder joint thermal-fatigue life is not thoroughly investigated in terms of failure modes and failure mechanisms, and finite element based prediction model is not well defined and validated. In this paper, the effect of heat sink induced preload on thermal-fatigue life of SAC305 solder joint was investigated through thermal cycling testing. A loading fixture was developed to apply compression load to the BGA package uniformly. The standard JEDEC thermal cycle condition was applied to test vehicles. Cross section polishing was performed to identify the associated failure modes. An accurately validated numerical model has been developed as an invaluable tool for analysis of thermal-fatigue crack behaviors and subsequent fatigue life prediction.
Test Vehicle and Experimental Setup
Four 92BGA packages, 27 mm Â 27 mm, mounted with 0.6 mm diameter and 0.3 mm height lead-free solder balls (SAC305) in 1.8 mm pitch were assembled on a 1.6 mm thick PCB (see Fig. 1 ). The large-pitch between solder joints was specially designed to eliminate the potential bridging between adjacent solder joints due to the solder joint collapse. Only solder joint fatigue crack could be observed in the failed test vehicles. The resistance of built-in daisy chained circuits was monitored constantly throughout the test and the failure time was recorded accordingly.
A special fixture was designed to apply compression load to the package (see Fig. 2 ). The test vehicle was clamped between the aluminum made middle and back plates with four springs placed in between the upper and middle plates. In order to apply the compression load uniformly, the low stiffness springs with similar size of middle plate were placed at the middle plate center. 8 lb. compressive load controlled by the amount of spring compression was applied to each BGA package. Thermal interface material was used between contact surfaces of the middle plate and package to enhance thermal conduction and reduce friction.
Thermal Cycling Test
Three test boards assembled on the compressive load fixtures and two bare test boards without any external loading were subjected to the specified temperature cycling test profile. The standard JEDEC temperature cycling profile [15] consists of 30 min ramp up and down between 0 C to 100 C, 15 min dwell at the Transactions of the ASME two extreme temperature (0 C and 100 C), respectively, which is 1.5 h per cycle in total.
A slightly benign thermal excursion profile for solder joints in cases with big heat sink than that without a heat sink may lead to the thermal reliability improvement of interconnects [10] . Therefore, a uniform thermal profile should be obtained to eliminate this effect. A great effort has been made to achieve the same temperature cycling profile to all test vehicles by minimizing the thermal mass of loading fixture and placing the bare test boards at worst-case temperature locations (see Fig. 3 ). Five thermocouples were placed on one of packages of each test board. It is clearly shown that a uniform temperature cycling profile is achieved to all test boards in Fig. 4 .
Data acquisition system was used to monitor the daisy-chain resistance and temperature cycling profile in situ. A typical resistance measurement result of the whole test period is plotted in Fig. 5 . The whole test period can be divided into three phases based on the resistance value fluctuation. The majority of whole test period, which has a stable resistance value fluctuation due to the temperature cycling fluctuation, is defined as the phase 1. As the crack initiates and propagates in the solder joints, the phase 2 has a larger and random resistance value fluctuation. The phase 3 corresponds to resistance value spiking (more than 1000 X) due to the complete crack in the solder joint and indicates permanent failure of solder joint.
According to the IPC-9701 specification [16] , a "failure event" was recorded if the resistance of a channel exceeded its initial value by 20% within a maximum of five consecutive reading scans. Therefore, the beginning of phase 2 is defined as time to crack initiation in this work by following the IPC-9701 specification. However, as the phase 3 represents the complete crack in the solder joint, time to permanent failure is defined as the resistance exceeded 1000 X within a five consecutive reading scans and is also investigated in this work.
Failure data of time to crack initiation (phase 2) and time to permanent failure (phase 3) from temperature cycling tests were plotted using a lognormal distribution model as shown in Figs. 6(a) and 6(b).
In this test, the mean time to crack initiation of solder joint with and without compressive loading are 157 and 177, respectively ( Fig. 6(a) ), which is consistent with other research work [17] , indicating compressive loading has a detrimental effect on the thermal-fatigue reliability of solder joints. However, it is clearly shown in Fig. 6(b) that the compressive loading increases the permanent failure time of preloaded solder joints by 23% (Table 1) . Failure analysis and finite element analysis are needed to understand the failure mechanisms and thermal-fatigue induced crack behaviors of preloaded solder joints.
Failure Analysis
Cross section polishing was performed for the failure analysis. Failure locations were identified to be the package outmost corners which were also under the die periphery for both cases with and without compressive load.
The solder joints without preload show typical fatigue crack propagated through the intermetallic compound (IMC) layer (defined as mode 1) (see Fig. 7(a) ) or through Cu pad/solder interface which is close to the IMC layer (defined as mode 2) (see Fig. 7(b) ).
It is clearly indicated that the crack propagation path changed accordingly in all failed packages as the compression applied. As shown in Fig. 8 , two failure modes were identified: crack propagated through Cu pad/solder interface which is defined as mode 2 described above, diagonal fracturing through the bulk of solder joint, which is defined as mode 3.
The statistics of each failure mode was summarized in Table 2 . Apparently, crack propagated through the Cu pad/solder interface is still the dominant failure mode as observed in 66.7% of failed samples. However, mode 3 is only observed in the preloaded solder joints. Moreover, all failed solder joints were more frequently found to have crack along the Cu pad/solder interface on the component side than on the PCB side.
Finite Element Model
FEA was performed with the commercial software ANSYS 13 for the analysis of thermal-fatigue crack behaviors and fatigue life prediction. In this FEA model, only the corner solder joints were modeled in detail and fine meshed, where the thermal-fatigue failure is always expected to occur due to the largest distance to neutral point (Fig. 9 ). All materials were assumed to be linear elastic except solder joint (see Table 3 ), which was considered as a viscoplastic material. Anand's viscoplastic constitutive model was used for the solder joint. Solder joint was modeled with VISCO107 element while the rest of assembly in the model was modeled with SOLID45.
Two surface-to-surface contacts were defined along middle plate to top surface of die interface and bottom of PCB to back plate interface, as components can slide at these interfaces. Symmetry boundary conditions were applied to the cut-planes of the quarter symmetry model. The out-of-plane displacement was also constrained to the corner of back plate where the bolt connected as boundary condition. Uniform pressure was applied to the top surface of middle plate to prestress the solder joints. Figure 10 shows the Von Mises stress contour plot of the corner solder joint under the compressive load. According to the static analysis result, the corner solder joint has stress concentration along its diagonal, which might lead to the diagonal fracturing of solder joint during temperature cycling. The volume-averaged plastic work per cycle over the elements along the solder joint interface, as well known in Darveaux's model, is used as a metric to assess solder joint reliability in this work. As solder joints continue to creep under compressive loading, the accumulated plastic work per cycle stabilizes after seven cycles while it stabilizes within only three cycles without preload (Fig. 11) . The data reported in the subsequent analysis are the stabilized accumulated plastic work per cycle.
As shown in Fig. 12 , the maximum plastic work occurs at the corner solder joint along the Cu pad/solder interface, which correlates well with the dominant failure mode.
In this paper, Darveaux's model is employed to correlate the fatigue life with the accumulated plastic work per cycle. In Darveaux's model, the fatigue life consists of the crack initiation and the crack growth.
The number of cycles before crack initiation N 0 is calculated as
The crack growth rate per cycle da/dN is calculated as
Therefore, the total number of cycles before failure, N a can be written as
Where DW ave is the accumulated plastic work per cycle, K 1 , K 2 , K 3 , and K 4 are constants, and a is the crack length (total distance the crack propagated before permanent failure). In this work, the mean value of examined cracks in all failed solder joints is defined as crack length in the Darveaux's model (see Table 4 ).
According to the FEA predication results (Table 4) , compressive load slightly increases the accumulated plastic work per cycle (1), in agreement with experimental results. However, a considerable increase (46%) in crack length (a) for preloaded solder joints compensates for the increase of the crack growth rate (13%), which is directly related to accumulated plastic work per cycle. As a consequence, both crack propagation time and time to permanent failure (N a ) increase.
Conclusions
In this work, compressive loading was found to have a detrimental effect on the thermal-fatigue reliability of solder joints as a shorter crack initiation time. In the meantime, as the crack length increases significantly due to crack propagation path changed in the preloaded solder joint, crack propagation time increases although more plastic work accumulated per thermal cycle. Therefore, time to permanent failure increases for preloaded solder joints. Failure analysis has shown that crack propagated through Cu pad/solder interface is still the dominant failure mode for both cases. However, diagonal fracturing through the bulk of solder joint is only observed in the preloaded packages. Finite element analysis was performed to verify experimental results with proper boundary conditions. Energy-based prediction model, Darveaux's model, can still be employed to estimate the thermal-fatigue life of solder joint with the presence of compressive loading. 
